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Abstract

According to Walkinshaw (1997) the State of Arkansas expended approximately
$600,000 per year on slope repairs for minor magbr slideetween 1986 and 1990.
These slidesvere triggered primarily from rainfall events and saturated slopes. During
the construction of interstates¥0 in Northwest Arkansas it is estimated that $65,000 per
lane mile was expended on slope repalPost construction, an additional $32,000,000
wasspenton repairsin the first four years of servicelhe vast majority of slope failures
along F540weretriggered by rainfall events and were the resuliedrlysaturated soil
conditions. Clearlydrainage, both surface and internal, is a&eynent fopreventing
or retarding slope failures.

The objective of this studyas toinvestigate the use of geosynthétarizontal
drains for increased slope stability in soils. The first year of this stedyted to
defining theoptimum drain type, dia configuration, drain spacing aednstruction
equipmentthrough a review of the literature and parametric studldsing the
information determined duringarametricstudy, a fullscale field demonstnain was
thenimplementedat a site on-b40. The site wasnonitored, and evaluated during the
last 12 months of the project. The fattale field testonsisted of a control section,
where no drainage features were installed and a test section wheesfalrigcated
geosynthetic drains were driven into the slope near its toe. Slope movement and moisture
conditionswithin the slopaevere monitored remotely using time domain reflectometry
(TDR) techniqueswhich could be monitored remoteblpng with moreconventional

equipment such as slope inclinometers and piezometeck had to be manually



employed and read on a recurring intervatiditionally, an abbreviated weather station
was installed to monitor rainfall events and temperature at the sitevoltimee of flow
discharged by the drains was monitored using a tipping buckejaage

The parametric study resulted in recommendations for drain spacing when
considering soil type and slope geometry. Drain spacing recommendations ranged from
0.75 metes in both vertical and horizontal dimension for clay soils up toid omly the
horizontal directiorfor predominately sandy and gravelly soils. The results of the field
investigation indicated that the drains were effective in reducing the moistuenton
the soil, sometime by as much as 20 percent, when the drained section was compared to
the control sectionThroughthe discharge collection system it was determined that the
drains responded almost immediately to a rainfall event and the discloduigee never
exceeded the flow capacity of the draiwhile movements in the drained section were
always smaller than those in the control section and were generally lagging by about
three weeksthegeosynthetic drains did not totallygwent movements the slope awe
had hoped. A cost analysis of the drain installation sugtiesaverage cost per foot of
drain was approximately $4.25 which is substantially cheaper thaostefor PVC or
galvanized pipe drains.

During the course of the field iestigation a number of lessons were learned
about the installation process that could possibly reduce the installation cost and the
installation speed for the geosynthetic drains. Due to the time of year and the cost of
rental installation equipment fewttran the optimum number of drains were installed in

the test section. It is hypothesized that improved installation procedures coupled with



installation of the optimum number of drain would make this drainage method an viable

remediation measure fanoigureinduced slope failures.
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CHAPTER 1

INTRODUCTION

1.1  Problem statement

Throughout history, slope failures have caused major loss of life and heavy
economic darage. In 1985 The National Research Council (Committee on Ground
Failure Hazadls, 1985) estimated that the total cost of slope failures in the United States
was about $1 to $2 billion per year. Distributing this cost to the entire population at that
time, results in an annual cost of $5 to $10 for every man woman and child in the United
States. Walkinshaw (1992) reported that the total average direct costs for the repair and
maintenance of lafdide prone areas on 1.3 million km of state highways, was$i&6
million per year for the fear period from 1986 to 1990. Walkinshaw (1992) also found
that in many states, for which detailed maintenance detad been kept, the cost of in
house maintenance exceeded annual contract repair costs. It shouldlaéatote
Wal ki nshawdés data represented only 20 perc
time (Turner and Schuster, 1996), so the annual cost of all repairs could be much more
than reported by Walkinshaw. As a result of these high costs many staténizeps of
Transportation (DOTS) are acutely aware of slope instability issues because of both
budgetary and loss of service considerations.

On January 8, 1999, the final 69 km (43 mile) section of Interst4@ was
finished, connecting Fayetteville Fort Smith at a cost of $440 million. This section of
road represents a very expensive project for the State of Arkansas and for other rural

areas in the United Stat es StatAaf Arkansdsi2d0g t o i



Hazard Mitigation Plan(Arkansas Department of Emergency Management),
approximately $65,000 per mile per year was spent to repair actodidas during the
construction period. The total cost of slope repairs along this segment of highway, both
during construction and subseu to its opening have exceeded $42,000,000s
makes 1540 one of the most expensive highways that has ever been built in Arkansas, as
well as one of the most expensive highways to maintain. The history of slope failures
along 540 and other highways the State has made the Arkansas State Highway and
transportation Department acutely aware of the need for proactive remediation
procedures for both cut and fill slopes along its highway system.

The geologic features of the northwest Arkansas alsodavaor impact on
failure potential. Hunt (1984) stated that the northwest region of Arkansas is located on
the Ozark Plateau. The principal geologic feature of this region is mostly weak weathered
soil overlying low permeability shale. The strength oktheoil deposits usually
decreases with the presence of water in the soil mass. Moreover, the terrain of the
northwest region of Arkansas is mostly hilly. Thus, the failure potential of slopes in this
region is very large. Coupled with the fact that ov2aé6tive slides have been detected
by the Arkansas Highway Transportation Department (AHTD) in the fiystas of
service along a 4file section of4540, there is a need for an effective and economical
method to stabilize active slides along this atitepohighways in the state of Arkansas, as
well as other parts of the country.

Many slope failures stem from elevated pore water pressure in the soil mass,
which results in reduced effective stresses and a loss of soil strength. Elevated pore water

pressues in soil masses are due mostly to inadequate drainage within the soil mass (after



Dennis, personal communication, 2007). Currently, the most common strategy to repair
slope failures in northwest Arkansas is to remove the poor quality soil and replétbe it
better quality material. Another alternative being used in this region is buttressing the
failed material with rock at the toe of the slopes. However, these two dssh®

relatively expensive and sometimes the slopes still fail behind the reparefdre, the

need for a more economical and effective remediation technique is needed.

Among the many techniques used forddidle hazard reduction, drainage is an
effective and economical method (Natarajan, 1986). Not only is drainage effective in
remadiating failed slopes, it can also be used to enhance the stability eftsdnia
slopes, thus reducing the probability of a future failure. The objective of this research is
to evaluate the effectiveness of a specific drainage method. Namely, thehose arfital
geosynthetic wick drains to produce an effective solution for positive drainage in slopes
consisting of relatively impermeable material. Once this method is proven, it might be
used throughout the state as a-@f&ctive remediation measurettwill eliminate the
need to constantly repair slope failures.

1.2 Research objectives

The intent of this research is to evaluate the effectiveness of horizenti#jled
geosynthetic wick drains as a cost effective measure to prevent slope failires o
remediate failed slopes. In order to achieve that objective, a well designed experiment
must be developed that couples field measurements with analytical Woekmajor
tasks can be defined as:

1) Select a test site that consists of a slope that skigws of movement

2) Characterize the slope and material properties at the test site.



3)

4)

5)

6)

7)

Determine the optimum configuration of the drains (spadergth and
position) by analytical techniquessing finite element method

Evaluate the installation procesg donsidering efficiency and cost of the
installation to determine if it is an effective and economic method as
desired.

Assemble and calibrate a suite of measuring equipment to monitor the
performance to the remediated slope.

Evaluate the performance ¢fetinstalled drainage system based on the
data collected during the monitoring period.

Develop an implementation plan using the results of the study to establish
the optimum configuration of the wick drain systems for various slope
geometries and soil tys, as well as establishing the best installation

procedure.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Overview of Stabilization Methods for Lan dslides and Slope Failures

Alandd i de, as defined by Cruden (1991), I
debris or earth down a sl opeo. Xuedideand An
was in 1767 B.C. in the Hunan Province of central China. Since then maisydes
have been recorded and analyzed, giving us a comprehensive understanding of the
triggering mechanisms and sequence of movement dflides, along with the resulting
damage. Having a thorough understanding addéshe mechanics is very necessary to
develop the principles or metti®that can prevent or mitigate ldgdides and their
damage.

According to Wieczorek (1996), there are many natural causes adsidarsuch
as intense rainfall, rapid snowmelt, external water level change, volcanic eraption,
earthquake shaking/ost of the natural causes cited above relate to the pesémwater
within the slope. Cai (1998) found tratincrease in moisture level, even without
increasing the level of the ground water tabledédao a r educti on in the
suction, resulting in a reduction in its shear strength. This lostsavfgth can ultimately
cause a lagdide. In some casesuch as in rapid drawdown of reservowster inside
the slope will generate positive pore pressures, resulting in reduced effective stress and a
significant reduction in shear strength. When soigngths are redudéelow a certain

level the slope becomes unstable. Keeping water out of the slope is therefore one of the



bestmethoddo deal withlandslidegesulting from perched water inside the slope. A cost
effective method to drain water outslopes is the focus of this research.

Throughout history, lassides have caused great economic damage and loss of life
whenever they occur. The costlafdslidescan be described in terms of both direct and
indirect losses to public and private propeAgcording to Schuster (1996), the direct
costs include the cost for repair, replacement or maintenance associated with property
damaged byandslideswhereas indirect costs are the other coskarafslidesuch as:

- Loss of industrial, agricultural oofest productivity because of damage to
transportation systems.

- Loss of human or animal productivity through death, injury, or psychological
distress resulting from tHandslide

- Reduction in real estate values because of proximigniaslides

In 1985the National Research Council (Committee on Ground FaHazards
1985) estimated that the total cost of slope failures in the United States was about $1 to
$2 billion per yearBy averaging these costs over the enti&g85 USpopulation the cost
of slope failuresvas betwee®5 and $10 per capita per ye&¥.alkinshaw (1992)
reported that the total average direct costs for the repair and maintenéarodsbée
prone areas on 1.3 million km of state highways, was over $106 million per year for the
5-year period from 1986 to 1990.Walkinshaw (1992) also found that in many states, the
cost of irhouse maintenance exceeded the annual contract repaitfa@sighough
these costs are significartt,i shoul d be noted that W&l ki nsh
percent of the entire US highway system at the time (Turner and Schuster, 1996), so the

annual cost of all repairs could be much more than reported by Walkinshaw. The above



statistics show that the economic damagedislidess verylarge; thereforeState
DOTs should look for economical preventive measures to reduce potential direct and
indirect costs associated with them.

There are many stabilizationethodgor both preventing potentiédndslidesand
remediating existing slogailures. Accordingd Holtz and Schuster (1996%edney and
Weber (1978kitedthe most commomethoddor slope stabilizatiomas those listed
below. Thesenethodsare categorized in three main gro@ssfollows:

1) Avoidance of dandslideproblem

- Relocating facility to a mer stable site

- Complete or partial removal of unstable materials from the Hitis
method is most appropriate when poor soils are encountered at shallow
depthsHowever, it may be costly fdandslidesvhich require large
amounts of excavation.

- Installing bridge. This alternative is best at hillside locations with shallow
soil movements

2) Reduction of driving forces

- Flattening of slopes or reducing excavation depths, or through changes in
line and grade for road systems
- Using drainagé¢o remove waterwt of the slopes, thus reducing the
weight of the mass tending to cause failures and increasing the strength of
the soils within the slope.
1 Surface drainagélhis method is the first approach to be

considered in slope failure prevention since it requiresmal



engineering design. Sufficient surface drainage using diversion
ditches andnterceptordrains are commonly used for slopes in
which large volumes of runoff are anticipatétb({tz and Schuster
1996)

1 Subsurface drainag€&his alternative shoulde considered in the
design if the initial site exploration indicates the presence of
ground water within the slope. Subsurface drainage can help to
control and lower the ground water, thus reducing the seepage
force which is a cause of increased driviageés in a slope.
Subsurface drainage can be applied by uklagkets and trenches
wells, draintunnels odraingalleries and torizontal drainsThis
method is applicable in any slope where lowering groundwater can
improve slope stability. However, tiedfectiveness of these
methodsare reduced when used in highly impermeable soils.

Reduction of weightUsing lightweight backfill materials can reduce the
gravitational forces which tend to cause slope instability. Therefore, this
method is very useful taeduce driving forces and increase slope stability,
especially in embankment constructions where a large amount of fill
material is needed. The materials that have been used for lightweight
backfill in highway embankments are: sawdust, dried peat, flgiaslers,
cellular concrete, expanded clay or shale, expanded polystyrene, shredded
and chipped tires, and oyster shells and clamshétitz and Schuster

1996) This method can be applied at any existing or potdatialslide



However, it has a majorawback in that the cost of lightweight materials
is high, especially when they may not be locally available. As a
remediation measure this method also requires the excavation and disposal
of large quantities of unsuitable material. Both of these issuédd c
significantly increase the cost of the project.
3) Increasing resisting forces
- Applying an external force at the toe of the slope to increase the resistance
of the slope against failure.
1 Use of Buttresses, counterweight fills, and toe berms. Usesgth
types of fills will provide additional dead load or restraints at or
near the toe of the slope poevent the movement of an unstable
mass. A buttress must be heavy enough to provide the resistance
needed for slope stability. At the same time it meskcated on a
firm foundation to prevent a bearing or overturning failure. These
measures are usually constructed of blasted quarry rock, boulders
and cobbles, and coarse gravel fills.
1 Structural retention system€onventional retaining walls and
piles ae more appropriate when physical constraints prevent the
use of auttressor the cost of a buttress or toe berm make them
inappropriate choices to increase the resistance of the slope against
sliding. Retention structures can be installed before excavisti

carried out to help prevent slope movement. However, they cannot



tolerate large movements and the structures must penetrate deeper
than the predicted sliding surface of the slope.

- Increasing internal strength

1 Soil reinforcement. This method witicrease the tensile strength

and shearing resistance of the soil mass against sliding. It is-a cost
effective measure to improve the stability of a natural and
embankment slope as well as to reduce the earth pressure against
retaining walls and abutmentglowever, it is a method that is
most effective for use during, not after construction.

A Reinforced backfill. Reinforcedoil structures are used
because of their advantages over the conventional retaining
walls, mainly based on their ability to toletdarge
movement, ease of construction, suitability of a wide range
of backfill materials, and low cost compared to reinforced
concrete retaining walls, especially for steep slopes. The
reinforcements that have been commonly used are steel or
polymeric stips or grids geotextiles, and steel cables or
bars attached to different anchor systems.

A In situ reinforcement. These reinforcemergthodsnclude
soil nailing and soil anchors. The materials used for soil
Anail sO0 ar e udsuabls brpteestibese | bar s
These nails are either driven into the slope or grouted into

boreholes that were previously drilled in the slope. Soil

10



nails develop tensile stress passively due to small
movements in the soil, while anchor systems are actively
stressedfter installation.

1 Vegetative and biotechnical stabilization. This technique helps to
increase the stability of the slopes by providing reinforcement to
the failure mass through the roots of the vegetation on the slope
surface. This method also redudes groundwater in the slope
through rainfall interception and evapotranspiration. Grasses and
woody plants are usually used in this biotechnical stabilization
method.

1 Chemical treatment. Lime, fly ash, Portland cement and calcium
chloride are the chemicat®rmally used for soil modification to
improve slope stability.

1 Thermal treatment. Applying high thermal energy to dry out the
soil and increase the soil shear strength can be used to reduce the
sensitivity of the clay soils to the action of water. Addfiailly,
ground freezing is very effective to increase the temporary stability
of large excavations and tunngtowever, this technique is
usually expensive and requires careful consideration in the design;
therefore it is only used in some specific diks.

For slope stability issues related to water retention, such as those in Northwest
Arkansas, thalternativeof using drainagéo stabilize a slope over other more costly and

invasive techniques to is attractivAccording to Natarajan, these horizontal drainage
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systems may be one of the most cost effective technfquissdslidehazard reduction
(Natarajan, 1986).
2.2  Horizontal Drainage Method

Horizontal drainage or stiorizontal drainage is a technique whereby many
drains are installed 1o a slope to convey water out and increase its stability (Forrester,
2001). The presence of water within a slope is a cause of reduced of soil strength and
slope instability. Removing water from the slope through the installation of horizontal
drains carhelp to reduce driving stresses and increase the strength of the soil, thus
improving the stability of the slope. This method can be applicable as a corrective or
preventive measure ftaindslidesespecially in cuts and embankments (Holtz and
Schuster (196).

The horizontal draiagemethod was developed and first used in 1939 by the
California Division of Highways (Stanton, 1948jowever, this method did not gain
wide acceptance by highway engineers until many years later (Royster, R8806j)ated
steelpipes were useith the first applications of horizontal drains. These 102 mm (4 in)
diameter steel pipes were perforated with 10 mm (0.4 in) diameter holes on 76 mm (3 in)
spacing(Royster, 1980). These pipes were installed into the slope using agdeéilled
a 0 Hy d (Eagerg19%6)TheHydraugemwas mounted on a tracked frammed the
drill rod was advanced into the slope by a hapdrated ratcheAs the drill bit was
advanced into the slope, water or air was pumped through the drill rod tihedmt and
flush the cuttings from the holes. The drilling process was continuediatitithe
desired deptlwasreachedThenaperforated stegdipe wagackedor otherwise

advancednto the hole Additional pipes werbuttweldedto the first pipesectionas the
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operation proceest], forming a continuous drain along the entire length obtredhole
(Stanton, 1948).

Since the first installation of metal perforated pipes, the equipment, materials and
installation procedure have changed markeRlyyster, 1980). The availability of a
wider variety of auger bits such as fishtail bit and latecdne roller bit were invented in
1949 so that the drilling could be made through stiffer material. While improvements to
the drilling equipment were impant in promoting the method, the most significant
improvement in the horizontal drainage method was the development of a new drain
material, polyvinyl chloride (PVC) pipes were introduced in the 1950s,(Royster, 1980).
This type of material was unaffectbg corrosion from the environment, and could
extend the lifespan of the drain pipes to more than th&03@eas that was usually
obtained from the steel pipes.PAV/C drain pipeas usually5 cm (2 in.) in diameter and
manufactured with a series of 0.25 mO( in)to 1.27 mm (0.05 imvide slots
distributed in anulti-slot configuration around the perimeter of the pipe at 6 mm (0.25
in) intervals Figure 21 illustrates three PVC drain pipe samples with different slot
widths ranging from 0.25 mm (0.01ing 1.27 mm (0.05 in.). Drill rigs withollow stem
auges were usedo drill anearly horizontahole in soil or soft rockn order to install the
PVC drain (Seegmiller, 1979)heslotted PVC pipavasinserted into the hole through
the hollow stem after thdesired drillinglepthwas reached. Then the auger steas

removed, leaving the drabehind inthe hole.
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Figure 21: Conventional slotted PVC drain pipe (Royster, 1980).

Another new type of drain material, a geosynthetic wick, was first used for
horizontal drains by Santi (1999.ur i ng t he 19706s, wick dr
to replace conventional sand drains to accelerate the consolidation of soft soils.
Figure 22 illustrates a sample of wick drain currently available on the market. A
shownin Figure 22, wick drains consist of a corrugated plastic core which is
covered by @ray-colorednonwoven geotextile jacket. The grooved core of the
wick drain provides highflow capacity, which can be as high as 1.6 gallons per
minute under 300 KPa confng pressure (American WidBrain specification
2008, while the geotextile jacket prevemiogging of the drain by serving as a
filter to preventthe surrounding fine materials froemteringthe core. The
conventional direction ofvick drain installaton for the acceleration of
consolidation is vertical. Santi (1999) was the fiestearcheto documentan
experimenin whichwick drainswere installedn a horizontal direction to drain
water from a slopeSince then a few studies have been conducteddlmate the

workability of this new type of material for horizontal drains. However, these
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studies have not provided a thorough understanding of the important parameters

for the design of horizontal wick drains systems.

Figure 22: lllustration of aypical wick drain.
2.2.1 Advantages of Horizontal Drains

.The chief advantages horizontal draingre listed by Seegmiller (1979) as:

- Installation rate of PVC (polyvinyl chloride) drains is rapid, and the installation
process is quite easy.

- No power § required after installation since the drain system works by gravity.

- The cost of drain installation and maintenance is relatively low.

Singer (1990) also agreed that the installation of horizontal drains is a good
method to stabilize slopes. More impaortlg, both authors emphasized the cost
effectiveness of this remediation method. The economics of the horizontal drain method
seensto be the most significant factor when comparing it to other remediation
techniques. There is no requirement for skilleatady specialized equipment for drain
installation. Thus, the cost for equipment and labor for this method is relatively low.
Moreover, the life span of the drains, usually made of PVC pipes or geosynthetic wicks,

is very long, and it does not require angintenance or repair once the installation is

15



completed. The cost of the material for this method is relatively low compared to the

materials required for other remediatimethodgRoot, 1955).

2.2.2 Disadvantages of Horizontal Drains

Although the usef horizontal drains has a number of advantages, there are also
some disadvantages. According to Santi (1999), the two biggest drawbacks of
conventional horizontal PVC drains are the tendency for the drains to become clogged
with fine materials which susund them. Secondly the cost of the PVC drain itself is
between $6 and $11 per foot. However, SA&D9)points out that these problems can
be solved by using wick drain Theinnercorrugated polypropylene cooé the wick
drain carprovide high draiage capacityvhile theouter ronwoven geotextile filter helps
to prevent clogging from the surrounding fine materiAls.additional benefit of wick
drains is thatite material cost isnly approximately $41.50 per foot (Santi, 1999),
which is far cheapéhan the cost of PVC pip&he use of wick drains therefore a good
alternative to conventional horizontal drains based on cost alone.
2.3  Factors Affecting the Performance of Horizontal Drains.
2.3.1 Effect of DrainLength

Cai, Ugai, Wakai, and Li1098) used thredimensional finite element analyses to
evaluate the effects of horizontal drains on slope stability under rainfall conditioms. The
results showdthat the discharge capacity ratio, which is the ratio of the discharge rate
through the harontal drains to the total rainfall falling on the slope face and slope crest,
increases as the length of horizontal drains inceed$eir conclusions foceslon the

following points:
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- Increasing the length of drains improves the stability of a slopehbuate of
increase in stability is insignificant when the drain length is extended beyond
critical length Theydefinal the critical lengthadjt he di st ance bet we
sl ope toe and the sl ope shouldero (Cai,
beause the stability of a slope is highly influenced by the pressure head in the
zone along the slip surface, but it is independent of the pressure head at points
which are far from the critical slip surface. Thus, extending the drains far beyond
the failuresurface is not useful in stabilizing a slope.
- When the length of the drains are shorter than the critical length, any reduction of
the spacing between the drains or increase in the number of drains does not make
as large of an improvement in stabilitylasgthening the drains. It is implied that
increasing the drain length to the critical length is more effective than decreasing
the drain spacing.
Lau and Kenney (1983) conductadgtudywhich included a field experiment and
a parametric study to analytee parameters that affect the operation of horizontal drain
pipes The purpose of their fieldwork was to determine whether or not the drains would
decrease the ground water pressuriee parametric studyas conductetb analyze the
factors that influene the effectiveness of the drain system in the stability of clsgiy
slopes.The initial results of the field experiment showikdt there was no clear evidence
to indicate that the drains had any effect on lowettregground water table (GWT)
elevatim. However, pon f urt her investigation it was
influence was smaller than the drain spa@nd the placement of piezometer locations

prevented t hem f r effect ondosveringdhe G\YT. Tolsepplemerda i n s 6
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thesomewhat unsuccessful field study, the authors conducted a parametric study to
determine the factors that affect the functionality of the drains. In their parametric
studies, the authors investigated the influence of drain length, spacing, inclination, an
elevation on slope stability. Many slope models were created with the aid of information
obtained from the experimental study. From their research, the following conclusions
were made:
- Drain spacing and drain diameter have an influence on the impeonerhthe
stability of a slopeAn increase in drain diameter and a decrease in drain spacing
will help to enhance thiactor of safetyfOS), hence increasing slope stability.
- The optimum drain direction is not necessarily horizontal (Lau and Ken8g).19
The results from the analysis show that the effectiveness of inclined drains was
only slightly less then that of the horizontal drains and the difference was
insignificant.
- No additional benefit will be gained if the drains extend beyond theatrsiip
surface This point is in agreement with the conclusions of Cai, Ugai, Wakai, and
Li (1998).
2.3.2 Effect ofDrain Position

Rahardjo, Hritzuk, Leong, and Rezaur (2002) (Nanyang Technological
University, Singapore) conducted a parametric studyatuate the influence of
horizontal drain location on the stability of a slope. They used a finite element seepage
program Seep/Wfor seepage analgs. $ability analygs wereperformed by the slope
stability softwareSlope/W usingthelimit equilibrium method. Both of these programs

weredeveloped by GEOSLOPE International, Calgary, Alberta, Canada (Raleirdjp,
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2002). A 30mhigh slope model witta face inclinatiorof 45° was created with three

drain layerdghat wereevenly spaced from the toettee crest of the slop&igure 23

illustrates the geometry of the modeled slope and the locations of the drain layers used in
the modelTo investigate the influence of drain location on the stability of the slope, five
scenarios were created with diffetelrain configurationsThe first scenariavas used as

the control and had no drains install@thie next three scenarios were created with only

one drain layer performing individually, and the last situation was the combination of the

three drain layers orking together..

(a) Flux lines on slope surface and
70 A around each drain tocation

— 80 Drain location # 1 O i i,

*g— 50 - Drain location # 2 < ————————i
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8 #0 - Drain focation # 3 € =aasaacs
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Figure 23: Slopegeometryand drain configurationssedin theresearch of

Rahardjo, Hritzuk, Leong, and Rezaur (2002)

During the setup process, steady state conditions were developed for all drainage

scenarios. The water table teady state was set to an elevation below the drained zone,

which was assumed to be 7m belowtite of the slopeto ensure that the initial

conditions were independent of the drainage configurations. A rainfall with an intensity

equal to the saturatdgydraulic conductivityof the soil was then applied to the slope
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The hydraulic conductivityas previously measured at& 7.8x10’ m/s,. The analysis

from the seepage program showed thafoitild take more than 20,000 days of

continuous rainfall for thelope to reach equilibrium. This meant that the soil within the
slope would nevebecomesaturded however, the results were still helpful to evaluate

the effect of drain location on slope stability. The profiles of pore water pressure head for
each dranage scenario from the Seep/W analysis were transferred to the Slope/W
program for the calculation of a factor of safety for edw@hinage conditiorFlow was
measured throughny cross sectioof the modelusing the flux rate calculated by the
program. Figure 24 presents the results of the measured flux from Seep/W in the last
four drain scenarios and FigurébZxpresses the changes in the FOS as a function of

time for each of the five scenarios .

1E+Q0

- Drain located in top 2one

=i~ Drain docated in middie zone
- Dhain docatad m bottom 2ong
-~ Al 3 draing present
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Flux rates through bottom zone
normalised by rainfall rate

1 E-G4

T T T
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Figure 24: Summary of the computetlik throughthe bottom zoneof the slope
as a function of timéor thevarious drain configurations (Rahardjo,

et.al, 2002)
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Figure 25: Summary of &ctor of safetyas a function time for theodel slope
with different drain configuration@ahardjo, Hritzuk, eong, and Rezaur, 2002).

From the above figures, it is clear that the drains located in the upper parts of the
slope give the least benefit, whiteore benefiis obtained from drains in tHewer
region of the slope. According to the authors, it wastdubke fact thamorewater was
attracted by the bottom drain. There is little additional benefit obtéapedmbining the
bottom drains with other drains in the upper locations. Figiree¥ealghat the
increasen thefactor of safetyor the case focombinationdrains is3% over the single
bottom drain In Figure 24, the flux rates of theinglebottom drains nearly the samas
that for themultiple drain scenarioThea u t hconclgsidn was that drains installed in
the lower region of a slopeill play the most important role in increasing slope stability.
As a result, the authors recommend that horizontal drains be placed as low as possible in

the slope to gain more improvement in slope stability.
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2.33 FactorsAffecting theDrain Discharg Capacity
Kim, Park, and Jang (2003) conducted an experimental study to determine the
factors which affect the discharge capacity of drains. Six different prefabricated

horizontal drains were tested in this studyhe drain crossections ardlustrated in

Figure 26.
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Figure 26: Types and characteristics of drains used by Kim, Park, and Jang

(2003)

The authors did nqgirovidea verbal description afach drain typeHowever
from information presented in Figure2the Type MD drainis mostlikel a 206 PVC
pipe and the shape of the Type VD drain is similar to a wick drain, which is used in the
current study. The Type P, Type 010 and Type O5 drains could be classified as
sheetdrains, which have a stiff waffle or egg crate core and-wooen geatxtile on
one or both sides. The Type E drain is a filarrtgpé geenet. Due toits high drainage
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capacity under low compressive strabg, TypeE drainis usually used as a drainage
blanketor erosion control material in many environmeiriated apptations.

All of the drains were tested to evaluate the effect of hydraulic gradient, elapsed
time, and confining pressure on their discharge capacity. Presented in Fitjare the
normalized discharge capacities reported by the authors for eacghdrathtypes
Normalized discharge values were obtained by dividing the measured flow rate by the

corresponding hydraulic gradient used in the test.
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Figure 27: Effect of hydraulic gradient on discharge capacity for the drains in the

study ofKim, Park and Jang2003)

Theoretically the discharge capacities reported in Figut@Boveshould have
remained unchanged for all of the drains because they were normalized by the hydraulic
gradient. However, the results in Figur& 8how that there is a dease irthe

normalizeddischarge capacity of all types of drains as the hydraulic gradient increases.
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Kim, Park, and Jan(2003) explained that the increase in friction between water and the
drain materials, coupled with turbulent flow inside the drairestagher hydraulic

gradient, caused a loss in flow energy, which led to a reduction in discharge capacity.
Among the drains tested, the influence of hydraulic gradient on discharge capacity was
the least for type E and type VD drains. This is becauséype E drain already had a
large reduction of initial cross section after the confining pressure was applied, and the
initial cross section of the Type VD drain was relatively small when compared to the
cross sections of other drains. Thus, the E andyyl tirains were not considered to be
sensitive to changes in hydraulic gradient.

Kim and Parkos test results showed that
decreased significantly during the first hour of the test but most achieved essentially
steady site conditions beyond one hour. The exception to this behavior was drain type E
which had a highly flexible filamerghaped coréhat was subject toreep deformation
over time On the other hand, drain type MD was least affected by time due to both its
large cross sectional area @hdresistance to creep of tigjid circularshaped shell.

Therefore, the type MD drain possesses the best characteristics for drainage applications.

Figure 28 illustratesthe results of the study to determine dischargaagpas a
function of confining pressure. All types of drains displayed a nearly linear decrease in
discharge capacity when the confining pressure was increased. The discharge capacity of
the Type E drain decreased most because its flament core wgseagressed by the
confining pessure. On the other hand, tifileet of confining pressure on the Type VD

was insignificant. According to the authors, this was due to the relatively small initial
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thickness of this type of drain, resulting in a relativstyaller reduction in cross sectional

area under an increase of confining pressure. Also the discharge capacity of the Type MD
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Figure 28: Effect of confining pressurand hydraulic gradierdn the 10 day
discharge capacity of the drains used in theyby Kim, Park, and Jang, (2003).
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drain, which had a circuleshaped shell, was only slightly affected by increased
confining pressure. The Type I drain also yielded results similar to the Type MD
drain.

Kim, Park, and Jang (2003) concluded thatdiee of a drain must be strong
enough to maintain its cross sectional area over the time and pressures expected during its
design life. Among the types of drains tested in the study, the Type MD drain with a
circular shape and the Type VD drain were coased to have the best performance. The
type MD drain is the conventional 20 di ame
horizontal drainage applications for decades while the type VD drain is the wick drain
used in this study.
2.34 Effects ofHydraulicRadius on thdischargeCapacity of Horizontal Drains

The hydraulic radius of a drainage channel, denoted by R, is defined as the ratio
of cross section area to perimeter. According to Miura and Chai (2000), hydraulic radius
is one of many factors thaffect the discharge capacity of horizontal drains. To
investigate the relationship between the hydraulic radius and the discharge capacity of
horizontal drains, Chai, Miura, and Nomura (2004) conducted a study on four types of
Prefabricated Vertical Drain®VDs), three types of Prefabricated Horizontal Drains
(PHDs) and one Dual Function (reinforcement and drainage) Geotextile (DFG). They
found that the hydraulic radius had an influence on the drainage capacity ratio for all of
the geosynthetic drains. @ldrainage capacity ratwasdefinedasthe flow rate at a
specific time divided by the corresponding initial value of flow rate. Their results showed
that the discharge capacity of a drain increases in direct proportion to the hydraulic

radius. Based otheir results, Chai, Miura, and Nomura (2004) recommend the use of
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drains which have strong cores and large values of hydraulic radius. They considered

square and circular shapes to be the best shapes for drainage applications.

2.5 Design of Horizontal dains

Because wick drains are relatively new to horizontal drainage applications, there
is no literature relating to their use before the late 1990s. In 1999, Santi first attempted to
install a wick drain in the horizontal direction to stabilize slopeserAhe first successful
experiment in an embankment at the University of MissoRnolla, Santi and his
colleagues expanded their work and installed drains in Indiana, Missouri, and Colorado to
obtain the necessary design parameters for the use of wicis th slope stability
applications. As a result of these studies a number of design parameters were empirically
derived for the installation of horizontal wick drains.
2.51 DrainLayoutDesign

There are two general drain layouts which are commonky: @st&an pattern with
the radius initiated from a single installation point, and a parallel pattern resulting from a
line of evenly spaced installation points. According to S#tifrjts, and Liljegren
(2001), neither layout has domiimag performance fatures over the other, and drain
pl acement is wusually decided by the access
However, they point out that fanning of the drains from a single outlet position is usually
more convenient and less disruptive tivestalling the drains in a parallel pattern. Thus,

the fan layout ipreferred bythe authors.
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2.52 DrainlLength

According to the authors, in general, the deeper the drains are installed into the
slope, the better they will perform in increasing slsgaility. Long drains can convey
more water out of the slope than short drains because they are more likely to intersect the
waterproducing zones. However, Sartlifrits, and Liljegren(2001) agreed with the
conclusion from the study by Lau and Kenr(2983) in that little extra benefit would be
gained if the drains extended far beyond the critical slip surface. The depth to which the
drains were installed in Santi s experi men
drains which Santi and his collg#es were able to push into slopes were approximately
30 m (100 ft). In some situations, stiff material prevented the advancement of the drains
into the slope. The authors believe that with more robust equipment the installation depth
can reach 45 to 60 (150 to 200 ft), even through stiff soils.
2.5.3 Drain $acing

Drain spacing is a function many factor
slope geometrydrain position, andrain discharge capacity. According to Santi, it is
difficult to validate the results of these studieoughtheoretical analysdsecause they
require soil homogeneity and isotropy as welpeeciseness drain location These
characteristicare rarely met ithe field Therefore, the drain spacing in the experiments
were empirically decided based on the experience of the authors and some other factors
such as site accessibility, topograpagd geologic conditions
25.4 Filter Size

Clogging is a drawback which can affect the performance of wick drains.

Choosing an ggropriate filter fabric thais properly matched to the soil type can help to
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prevent the drains from clogging (Samilifrits, and Liljegren 2001)There are many
design expressions available to assess the filter criteria for geosynthetic wick drains
(Fahmy, Koerner, and Koerner, 1996). According to Koerner (2005), ASSHTO
(Association of State Highway and Transportation Officials) records®mple criteria,
which relate to the percentagesoil passing the No.200 sieve (0.074mm) AASHT OO s
criteria areas follows:
- For soil with > 50% passing the N0.200 sieve: AOS of the geot&xhile.50
sieve or @< 0.30 mm.
- For soil withO50% passing the No0.200 sieve: AOS of the geote&iie.30

sieve or @s < 0.60 mm.

Where Qs, expressed in millimetsyis the opening size of the filter fabric
corresponding to the particle simewhich 95%of the soil particles would be retained
AOS (apparent opening size) is equal tg €xcept that it is expressed asieve size
number.

Atkinson and Eldred (1981) stat#tht the optimum pore size of the geotextile
filter in clay soils should be from 10 to 2ih. HoweverAt ki ns on a&ntedonEl dr ed
can not be met due to the limitnumber of options for drain filtédabrics.The opening
size ofthe geotextile for commercially availableck drains usually rangdrom AOS 70
to 20Q or Oy5 208-75em (Santj Elifrits, and Liljegren 2001). To choose the filter size
for wick drains in clay soils, Santi and his colleagues suggested that the criteria proposed
by Chen and Chen (1986), which were exclusively developed for prefabricated vertical
wick drains, werghe most appropriat& hese criteria impl thata geotextile filter with

AOS of No.70 sieve (8= 0.208 mm) can be used for silt and clay soils which have a
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high sand component gBs.ip>0.15 mm) and Eysoiy>0.02 mm). Also, wick drains with
AOS of Na100 sieve to N0.200 sieve filtersdg3 0.1560.075 mm) are more
appropriatedfor pure silt and clay soils @soiy>0.05 mm and Eysoip>0.007 mm).
2.6 Installation Method for Horizontal Drains

Compared to the installation method for horizontal stgegor PVC pipeshe
installation process for geosyntiwewick drains, as developed Banti Elifrits, and
Lillegren (2001) is quite differeninstead of drilling a hole and inserting a drain pipe the
wick drains are installed by driving a carrier @ipto the slopeThe installation

equipment includes the following:

A bulldozer or a tracked excavator (trackhoe) to apply a load to push the drive

pipe into the slope.

- Sacrificial Drive Plate: A drive plate is made fromtb218-gauge (1.30-2.7 mm
thickness) sheet steel which is welded to a short piece of #4 rebar or a bolt that
contains a washer on the opposite end as illustrated in Figlre 2

- Drive pipes: The drive pipe should have minimum inner diameter of 32 mm (1 %
in) to accommodate the rolledck. A larger diameter drive pipe will allow it to
tolerate larger driving forces, and allow the pipe to advance farther in hard
materials.

- Drive head: The drive head is used to transmit the pushidg fiaem the driving

machine to the drive pipe. An@itional function of the drive head is to protect

the female threds of the drive pipe and reduce the tendency of the pipe to slide

off the equipment.
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- Pulling head: The pulling head is used to pull the steel pipe out of thedtsoil

the drain is driven

T
AN gl
R

=

Figure 29: Drive plate witha supporting washer (topisedin the installation

method of Santi, Elifrits, and Liljegren (2001)

Prior to installation, precut lengths of the wick drains that are slightly longer than

the length of the drive pipe are praiea or imbedded inside the sectionsloll pipe as

illustrated in Figure 2.0.

Figure 210: Wick drains are embedded inside steel pipes (Santi, personal

communication, 2006)
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The sacrificial drive plate is then placed at the front of the first stgelsgction
to be installed aglustratedin Figure 211, and is attached to the front end of the wick
drain using a hose clamp. Next, the drive head is placed over the back end of the first

pipe, and the wick drain is folded out of the way as showngargi212.

Figure 211: A sacrificial plate is attached to the first steel pipe (Santi, personal

communication, 2006)

Figure 212: A drive head is attached to the steel pipe (Santi, personal
communication, 2006)
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After being aligned, the first pige pushed into the slope by a bulldozer or the
bucket of a tracked excavator as illustrated in Figd@2Additional sections of drain are
installed by splicing the protruding wick sections together with a stapler, as shown in
Figure 214, threading theipes together, and repeating the driving. When the desired
depth is reached, the pulling head is attached to the protruding end of the pipe and, the
pipe is gently pulled out of the slopg the bulldozer or trackhoeith the use of a chain,
as illustratedn Figure 215. Because the sacrificial drive plate anchors the wick in place
and provides resisting force against withdrawal, the wick drain remains inside the slope

as the pipe is removed.

Figure 213: Pushing the steel pipe by the bucket of a traeklsanti, personal

communication, 2006)
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Figure 214: The drains are spliced by a stapler (Santi, personal communication,

2006)

Figure 215: The pipe is pulled out through a chain connected to the pulling head

(Santi, personal communication, 2006)

According to Santi, Elifrits, and Liljegren (2000), the new installation technique
represents a significant improvement in the rate of drain installation. The installation
speed can range form 12 to 21 m of wick drain per hour, with the cost of the immstallat
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of the wick drain ranging from $9 to $20 per linear meter. By contrast, the total cost of
installing PVC drain pipe ranges from $20 to $36 per linear meter.
2.7  Study cases

Natarajan, Murty, and Gokhale (1986) documented many successful applications
of horizontalpipedrainsduring the period 940 to 1983. Outside the U.S., horizontal
pipesdrains are mainly utilized in Canada, where 12 sites were stabilized by the use of
horizontalpipedrains (Mekechuck, 1992). In 1999, Santi first tested and iedtall
horizontal wick drains into a slope in Rolla, Misso&@ince the use afick drainsfor
slope stabilizatiors relatively newpnly a few applications of horizontal wick drains
have beemeported Among thereportedcases, everalsuccessful applicatis of
horizontal drains are describedthe following sections
2.7.1 CaseStudyl: FirstExperiment ofUsing Horizontal Wick Drains

In order to investigate the feasibility of using horizontal wick drains foreslop
stabilization, Santi (1999) conductad experiment in an embankment in Rolla,
Missouri. The embankmenbnsisted oapproximately 60 cubic yBoS of sandy clay,
and the inclination of the front face was 1V:1H. Six wick drains were installed by a
bulldozer into one half of the slopleat wageferred to as the drained section, while the
other half of the slope had no drains and was referred as the control section. An initial
ground water table (GWT) was established thraigtseepage of water from a trench
locatedat the back of the slope. émder to simulate rainfall during the time of the

experiment, many sprinklers were used to produce ay&8024hour rainfall

(approximately 0.310/ hour). Six piezometer
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markers were installed to measure the chamgeoisture content and GWT within the
slope. During the experiment, water level, floate and slope movement were recorded.
Theimportantresultsof this are summarized as follows
1) The flow capacity of the draingasapproximately 10 gallons per hodihe
flow rate was below the expected value, which was estimated at 96 gallons per
hour. It was believed that the low permeability of the soil had an effect on the
flow rate of the wick drains (Santi,1999).
2) The piezometers showed that there was a reductite GWT in the vicinity

of the drains as illustrated in Figurel@.

Figure 216: Change in water table duritige experiment of Santi (1999).

In Figure 216, the solid line expresses the GWT within the drained section
and the dashed line represetite GWT within the control section. Through

Figure 216, it can be seen that in the lower portion of the slope, the GWT in
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http://www.fhwa.dot.gov/planning/nhs/maps/ar/ar_arkansas.pdf






































































































































































































































































































































































































































































